Seismic diffractions may play an important role in seismic interpretation because they characterize geologic objects that might not be visible for conventional seismic attribute analysis. Diffractivity may be caused by, and consequently may define, tectonic dislocations (faults and fractures), lithologic variations, and fluid saturation within rocks. We have tied seismic diffractions extracted from vertical seismic profiling (VSP) data and borehole logging, from which we recognized the reasons that were responsible for diffractivity of the strata. First, we processed a multisource multicomponent VSP data set to extract seismic diffractions and constructed diffraction images of the strata for all three of the VSP data components. Then, we performed joint analysis of well logs and diffractions to obtain petrophysical attributes associated with diffraction images. We divided the rock succession into several units, which have different diffraction properties. We identified compacted rock, alternating intervals, isolated fractured zones, and fluid-saturated layers.
Introduction
Seismic diffractions, as signatures of geologic inhomogeneities (Krey, 1952; Hagedoorn, 1954; Trorey, 1970; Landa, 2012) , may play an important role in seismic interpretation. They can be used to describe subtle objects that are not clearly visible after conventional data processing and imaging and those not available for attribute analysis. Migration of separated diffraction energy produces a diffraction image that displays scattering properties of the subsurface. Diffractions may be used to detect faults (Kozlov et al., 2004; Berkovitch et al., 2009 ) and fractures (Willis et al., 2009; Koren and Ravve, 2011; Tsingas et al., 2011; Burnett et al., 2015) , and to characterize lithological variations (Ogiesoba et al., 2015) . Diffracted waves are naturally contained in the seismic wavefield; therefore, to perform diffraction analysis, no special acquisition efforts are needed.
A major challenge in diffraction image interpretation is the high level of noise. Diffractions are usually weak: Their energy is several orders of magnitude below that of reflected energy (Klem-Musatov, 1994) . Hence, diffraction images are strongly susceptible to contamination by different types of noise, such as data noise, acquisition footprints, processing, and imaging artifacts. To be interpreted correctly, diffractions should be analyzed in conjunction with other alternative seismic and log physical attributes.
Because strong scattering objects, such as faults, are well imaged by seismic attributes (Chopra and Marfurt, 2007) , a stable correlation between seismic attributes and diffraction images obtained at the sites of these strong scattering objects can confirm the reliability of diffractions. Once the strong scattering objects are confirmed in the diffraction image, they can then be used to validate weaker scattering objects, such as fractures, not visible in seismic attribute volumes. For instance, subtle linear features parallel to the confirmed stronger ones may be associated with smaller fractures. Diffraction imaging of small fractures also should be supported by integral fracture orientation estimations, such as analysis of azimuthal amplitude variations (Gray et al., 2002) or S-wave splitting analysis (Crampin, 2003) . In general, a diffraction image should match the geologic setting. In turn, any discrepancies between diffractions and other data require closer examination.
Vertical seismic profiling (VSP), when receivers are located in a borehole (Hardage, 2000) , allows linking of seismic and well-log data. Thus, diffractions extracted from VSP data may be correlated with petrophysics. The VSP acquisition also provides a higher signal-to-noise ratio and higher frequency content. Three-component borehole sensors bring a multicomponent signal that allows working with S-waves, which appear to be highly sensitive to geologic heterogeneities (MacLeod et al., 1999; DeAngelo et al., 2003; Stewart et al., 2003) . All of the foregoing advantages make VSP data attractive in implementing diffraction analysis (Klokov et al., 2014) .
In this study, we work with a borehole that drilled through carbonate sediments in the Volga Region of Russia. First, we describe different facies penetrated by the well. Then, we extract seismic diffractions from VSP data and construct diffraction images of the strata for all three of the VSP data components. Finally, we perform joint analysis of well logs and diffractions to obtain petrophysical attributes associated with diffraction images. An additional goal is to find explanations for the occurrence of hydrogen index values within the Moscovian limestones that are higher than those observed within the overlying Asselian marly limestones that have the same interval velocity. The hydrogen index indicates the presence of fluid in the formation and is important for effective hydrocarbon exploration.
Geologic background
The stratigraphy of the study area in the Volga Region is composed of Upper Paleozoic and Mesozoic aged rocks and Quaternary deposits (Figure 1 ). Beginning with the Upper Paleozoic rocks, the oldest section, referred to as terrigenous carbonate, is of Middle Devonian age (Eifelian and Givetian stages) and is composed of carbonate layers at the base, with an upper part consisting of terrigenous sandstones, siltstones, and grits interbedded with mudstone. The carbonate layers consist of organogenic, detrital, biohermal, coral, stromatoporous, and fractured limestones (Politykina and Tyurin, 2005) . Within this rock succession, the sandstones and fractured limestone intervals constitute the oil reservoirs.
Overlying the sandstone bed is the stratified carbonate complex of Upper Devonian age (Frasnian and Famennian stages). It consists of mudstones (marl) interbedded with limestone at the base, which is composed of organogenic, clastic, and pelitomorphic limestone. This interval is followed by microcrystalline, dense limestone that is partially composed of organogenic, cavernous-porous dolomites; dolomitic limestone; and fractured relic-biohermal calcareous limestone of Upper Devonian age (Peterson and Clarke, 1983a) .
Sitting atop the Upper Devonian dense limestone rocks are the water-saturated Middle-Carboniferousage sandstones (Bobrikovsky horizon) and the Oka superhorizon. The sandstones have porosity of up to 13%. Following the Oka superhorizon are four layers, Carboniferous in age, of alternating limestone and mudstone; the fourth layer (Moscovian stage) is fractured limestone and dolomite (Figure 1 ). The mudstone layers are composed of organodetrital limestone, whereas the limestone layers are composed of dense, fine-grained, relic-organogenic clastic limestone with partially recrystallized and locally fractured dolomites at the top (fourth layer) (Peterson and Clarke, 1983a) . The Bobrikovsky water-bearing sandstone interval together with the fractured dolomite and limestone layer (fourth layer) constitute the reservoir zones within the Carboniferous.
The Carboniferous rocks are overlain by the LowerPermian-age (Asselian-Kungurian stages) rocks composed of mudstone (limestone interbedded with clay) at the base, followed by anhydrite and salt at the top (Figure 1 ). The presence of salt and anhydrite suggests that the prevailing environment was arid to semiarid, with high salinity and a high rate of evaporation, and possibly within a restricted basin. Overlying the Lower Permian salt is terrigenous Upper Permian clay. This layer is capped by a Permian-Mesozoic (Triassic) sequence of alternating clay and limestone beds, suggesting a return of less arid conditions. The Mesozoic rocks are overlain by Quaternary clay deposits. Of the above rock succession, the rock interval of interest lies between the Middle Devonian and Lower Permian.
Vertical seismic profiling data acquisition
The VSP acquisition geometry is outlined in Figure 2 . The observations were made along two different directions. In each direction, data were recorded from two source locations -S 1 and S 2 in one direction and S 3 and S 4 in the other direction -with offsets of approximately 1500 and 2100 m. The vertical displacement vibrators provided a beginning frequency of 10 Hz and an end frequency of 120 Hz. One zero-offset source was used for velocity estimation.
Three-component data were recorded at 320 levels to 6 s at a 1-ms sample rate. The sensors were deployed at a depth interval of between 600 and 3790 m, with spacing of 10 m. The depth of the subvertical borehole was 3827 m.
Diffraction imaging
This study focuses on the carbonate interval between 1.6 and 4.0 km. Preliminary data processing combines the rotation of the recorded VSP data and the separation of the upgoing wavefield ( Figure 3 ). Note that the horizontal noise in the sections is caused by f-k filtering. We intentionally use a wide filter to preserve diffraction energy. For imaging, we use Kirchhoff common-angle migration (Xu et al., 2001 ) and velocity models consistent with first-break times.
Conventional depth-migrated images are displayed in Figures 4-6. The images that correspond to the same VSP data components but to different acquisition azimuths are aligned along the borehole. The left sections are obtained by stacking the migrated data from sources 1 and 2. The right sections are obtained from sources 3 and 4. The images are tied to the P-wave near-offset VSP corridor stack and the sonic-based synthetics (surface data are not available for this study). The geologic structures, essentially composed of horizontally bedded layers, are simple. At a depth of 2.8 km, we observe a strong reflection boundary that corresponds to a water-saturated layer. The oil-saturated sandstone stands out at a depth of 3.4 km. Note that the bending of the reflection boundaries at far offsets (in particular at the radial and the transverse components) is an imaging artifact caused by the VSP acquisition geometry.
For diffraction separation, we use the approach described by Klokov and Fomel (2012) . First, we attenuate reflected energy. Here, by reflections, we mean reflected P-waves and upgoing S-waves converted at reflection boundaries. The horizontal bedding yields parallel reflection events at the shot records. This allows us to eliminate reflections with high accuracy: We pick one strong reflection event at a shot record and destroy all events parallel to that (Figure 7) . The residual data contain diffraction events (some are marked by arrows in Figure 7 ) and different kinds of noise. To separate diffractions and the noise, we migrate the residual data to the dip-angle domain (Koren and Ravve, 2011) . In this domain, diffraction events appear flat if the migrated gather matches the scatterer location. At the position away from the scatterer, these events become sloped. Based on these geometric con- siderations, we extract diffraction events using the Radon transform. Thus, we obtain a migrated gather that dominantly contains diffracted energy. Summation of this gather over migration dip provides a diffraction image. This procedure is performed for each source and each wavefield component.
Comparison of the shot records in Figures 3 and 7 provides estimation of the difference in magnitudes between reflections and diffractions. We compute rootmean-square amplitude ratios over a shot record for each data component before and after reflection elimination. For the compressional component, the ratio is 16.5; for the radial component, it is 11.2; and for the transverse component, it is 8.8.
The diffraction images are shown in Figures 8-10 . We display the images for all four sources separately, with no stacking. This allows us to compare constant-azimuth sections (for instance, from sources 1 and 2) and thus validate them. Real geologic diffractors should be imaged by two different sources. Stacking of the appropriate images could yield increasing diffraction signal power. However, due to the imperfect migration velocity, there is no one-to-one conformity between the depth images. Thus, in our case, stacking leads not to enhancement but rather to smearing of diffractors. Note that at each section, diffractors are imaged as oblique strokes, which is the imaging artifact caused by the VSP acquisition geometry (Keho, 1984) .
Diffraction images obtained from the compressional component (Figure 8 ) appear to be poorly interpretable: The many high amplitudes, which are distributed ubiquitously, make it difficult to trace the correlation between the common-azimuth sections and to detect separate scattering objects. In contrast, S-waves provide more informative diffraction images (Figures 9  and 10 ). All of the sections appear to be consistent with each other. We consider this correspondence as confirmation of the diffraction images' accuracy and as an additional argument for the diffraction images' validation. A big number of the imaged scatterers probably occurred outside of the "source-borehole" plane. The radial and the transverse components independently register diffraction waves coming from these out-ofplane objects. The consistency between these two independent registrations, as well as the consistency between the two independent sources, allows for declaring that the objects observed are not random and that the diffraction objects are representative of real geologic features.
In all diffraction images from the radial and the transverse components, the interval lower than 3.5 km looks quiet. The level of approximately 3.4 km contains diffractions that are distributed from the borehole to the far offset; the same can be observed at the depth of 2.8 km. Two dipping sequences of diffractors (better imaged by the radial component, as shown in Figure 9 ) lie in the interval between 2.8 and 3.4 km. Above 2.8 km is a quiet zone with isolated diffractivity, at an offset of approximately 200 m. The interval of 1.6-2.4 km is characterized by high scattering features, with more intensity at the near offset.
Diffraction interpretation
To explain the imaged diffractions, we combine them with interval velocities and well logs (Figure 11 ). Nine different units were identified. The lowest one, unit A, is mainly represented by compact limestone; it has high-velocity, low-gamma, and low-hydrogen content. In the diffraction image, this interval is quiet, with just a minimal amount of isolated weak scatterers. Some of the diffraction objects form vertical sequences, such as the one at offset 0.6 km (the white Figure 6 . Depth images for the transverse component tied to the P-wave near-offset VSP corridor stack (black wiggles) and the sonic-based synthetics (blue wiggles). T124 Interpretation / May 2015 arrow in Figure 11 ). This observation, as well as comparison with corresponding conventional migrated sections, allows associating such objects with small faults. Detailed diffraction analysis of these depths is complicated because the objects lie below the bottom of the borehole (which is approximately 3.6 km) and are illuminated by a narrow aperture.
Two clusters of interbedded sandstones and mudstones separated by limestone compose unit B. Oil saturation is present in this interval. The unit has high gamma values and low resistivity; the hydrogen concentration is increasing. The fluid creates significant impedance contrast, which yields the high diffractivity of the layers. Note that diffractions are distributed ubiquitously, from the area surrounding the borehole to far offsets. This is probably caused by uniform saturation of the unit. Note also that the low resistivity associated with the oil zone suggests that this zone has high bound-water content.
The saturated layers are followed by unit C, which is predominantly carbonate. Diffraction images reveal two dipping sequences whose depth increases as the distance from the borehole increases. Note that these objects are detected by both S-wave components from all four sources. The first sequence, which is located to the left, touches the borehole at a depth of approximately 3.1 km. Note the increasing number of gamma rays and the amount of hydrogen content at this level and below; the resistivity is low. The diffraction body may be interpreted as fracturing rich in fluid. The upper part of the unit in the vicinity of the borehole demonstrates properties of compacted rock and is quiet in the diffraction images. The second body, distant from the borehole and not affecting the logging, probably has the same properties.
Unit D represents interbedded mudrock and water-saturated sandstones. The unit has characteristics similar to the oil-saturated unit B: The interval is densely filled by scattering objects. We consider this feature a stable signature of a fluid-saturated layer. The same feature is described by Klokov et al. (2014) . This reservoir is capped by unit E, which is made by siliciclastic sediments interbedded with organogenic detrital limestones. Diffractivity is lower for this layer than for the underlying saturated layer. The big scatterer detected by the radial component at the near offset is not confirmed by logging. The scatterer should probably be attributed to the underlying saturated layer: Due to the limited VSP Figure 7 . Three-component data from source 1 after reflection elimination. The white arrows indicate some diffraction events. acquisition aperture, the scatterers are imaged as strokes, which may be extended to the overlying unit.
Unit F is an interval with the highest velocity in the entire rock succession. The dense layer is composed of limestone and is slightly porous. This is the second lowdiffractivity zone.
Unit G is relatively quiet, as well: Just a few weak scatterers are distributed sparsely. However, all four sources detect strong scattering at the near offset and in the bottom part of the interval. The logging responds to the scattering by increasing the gamma value and the hydrogen concentration and decreasing resistivity. We interpret this area as an isolated cavernous and fractured zone (check also the decrease of the velocities) that is related to the upper unit H.
In unit H, which lies between 2 and 2.4 km, many very high diffraction energies can be seen from approximately 100 to 600 m from the borehole. Although diffraction energies have diminished at the far offset, they can still be seen at 600 m to 1 km. Apart from the shale zone, which is at an approximate 2.3-km depth, unit H can be regarded as being composed almost entirely of limestone. This unit is characterized by almost uniform values of hydrogen concentration and resistivity; the hydrogen concentration and the resistivity are slightly higher than those observed in unit G. We interpret the high diffraction energies in this unit of supposedly uniform lithology to be caused by much fracturing and the presence of water.
In contrast to unit H, the overlying unit I is of quieter diffraction characteristics: It contains diffractors from the borehole to the far offsets, but of much lower energies than those of unit H. Unit I is composed of limestones interbedded with mudstones characterized by the high gamma ray. Although the interval velocity is the same as in unit H, it has a lower hydrogen concentration and slightly higher resistivity. These log values suggest that the water saturation is lower than in unit H. We interpret the diffractivity in this unit to be caused essentially by lithologic variations. However, it should be noted that this interval seems to be less confident because of disagreement between the diffraction imaging sections: One-half of the sections (the radial components except source 2 and the transverse component from source 4) indicate weaker diffractivity in this area, whereas the second half displays many strong diffractors.
Why the Moscovian limestone (unit H) should have higher hydrogen concentration than the overlying Asselian shaly limestone (unit I) can be deduced from the diffraction images associated with units H and I. The high-energy diffractions seen in unit H mean that the limestone is pervasively fractured. From the geologic history of the Volga Region, there are seven cycles of deformation, with each cycle belonging to different stratigraphic intervals (Peterson and Clarke, 1983b) . The Carboniferous Moscovian and the Lower Permian Asselian mudstone belong to the fifth cycle -the Carboniferous-Lower Permian Cycle (Peterson and Clarke, 1983b) . Although the Carboniferous and the Lower Permian rocks belong to the same deformation cycle, the Carboniferous rocks were more deformed than the Lower Permian rocks. Thus, fractures and faults within the Carboniferous Moscovian would have been in place prior to the dewatering of the overlying Lower Permian Asselian mudstone, due to compaction by the other overlying two stratigraphic intervals. Therefore, the water flowed into the accommodation space (fractures zones) contained in the Moscovian limestone below. Hence, the high hydrogen concentration in the Moscovian limestone and low concentration in the Asselian shaly limestone.
Conclusion
In this study, we have analyzed the correlation between seismic diffractions and borehole logging. We extracted diffractions from VSP data and constructed diffraction images for all three registered VSP data components. Based on diffractivity features, we divided the interval of study into several units and described each of them using measures of gamma ray, hydrogen content, resistivity, and interval velocities.
We worked with four sources located at two different azimuths. Each azimuth was illuminated by two sources that allowed us to validate imaged diffraction objects by comparison of the constant-azimuth images. Diffraction sections constructed for S-waves demonstrated a high correlation between both corresponding sections, which belong to the same azimuth, and the two directions. The radial and the transverse components images turned out to be consistent, too. Diffraction images obtained from the compressional component appeared to be strongly contaminated by migration artifacts that complicated the use of this component for diffraction analysis.
Interpreting diffraction images, we could observe a stable signature of a fluid-saturated layer. The area of study comprised one oil-saturated interval and one water-saturated interval. Both of the intervals were densely packed by diffractors from the surroundings of the borehole to the far offsets. This feature was typical only for these two bodies. Because of the limited frequency content of the VSP data and narrow VSP acquisition aperture, when interpreting diffractions, we were not able to detect separate fractures and distinguish fracturing and porosity.
Two intervals of compacted rocks were quiet in diffraction images. Increasing diffractivity often correlated with dropping velocity, increasing gamma ray and hydrogen, and decreasing resistivity. Based on the correlation analysis, we associated the main part of the observed diffractors with saturated zones. Some part of diffractivity was caused by lithologic variations and tectonic dislocations. In this case, diffractors appeared to be weaker.
Diffraction imaging assisted us in resolving uncertainty in the upper two units of the studied rock succession. The underlying unit had lower gamma ray and resistivity but higher hydrogen content. Nevertheless, these two units had the same interval velocity. Diffraction images displayed higher intensity in the underlying unit, which was associated with fracturing and presence of water. The overlying unit demonstrated lower diffractivity, which was interpreted as lithologic variations.
The interpretation of diffraction images was complicated by the presence of imaging artifacts caused by a narrow VSP acquisition aperture. For instance, separate diffractors were imaged as extended strokes, which reduced the resolution of the images. Also, we did not take into consideration the effect of outof-plane objects, which are printed at the imaging plane in incorrect positions. Nevertheless, diffraction images demonstrated good correlation with each other and were well interpreted using borehole logs. However, studying of these interfering factors, as well as seismic noise influence, should be done to put the method on a stronger base. For further research on seismic diffractivity and more robust interpretation, diffraction images should be compared with other data sources like core analysis, image logs, and geomechanical analysis. 
